Methodologies to model the impact of ramp metering queues on diamond interchange operations were developed in this study. The methodologies are part of an overall research effort to address the integrated operations of a diamond interchange and a ramp metering system. The methodologies were implemented in DRIVE, a computer model characterized as a mesoscopic simulation and analytical model. A mesoscopic model has the advantages of both macroscopic and microscopic models with less computing time while still considering stochastic traffic flows. DRIVE can be used to perform system analysis and evaluation of an integrated diamond interchange and ramp metering system over multiple cycles. The component concerning the diamond interchange operations is documented here, with a particular focus on the impact of potential queue spillback to the diamond interchange signals from ramp metering. The study focused on the two common diamond phasing schemes: basic three-phase and Texas Transportation Institute (TTI) four-phase. DRIVE was validated against the VISSIM microscopic traffic simulation model, and general agreement was found in the results between the two models. For oversaturated ramp conditions with queue spillback, both DRIVE and VISSIM indicated that TTI four-phase favors the frontage road approach, whereas the basic three-phase favors the arterial left-turn movement. DRIVE provides a new analysis tool for analyzing diamond interchange operations taking ramp metering into consideration, which would facilitate studies on developing operational strategies to better manage such systems.
A diamond interchange is one of the most commonly used interchange types in the United States (1) . Managing diamond interchange operations is a challenging task because of the high turning traffic flows, limited spacing, and potential interactions with nearby signalized intersections on the cross arterial and with freeway operations via on-ramps and off-ramps. A common practice is the use of ramp meters in the vicinity of a diamond interchange; the resulting ramp queues may impose a potential threat to the normal operations of the diamond interchange signals. Although analytical models are available to analyze isolated diamond interchange operations, such as PASSER III (2) and Synchro (3) , no analytical models are available to analyze diamond interchange operations that take queue spillback from ramp metering into consideration. The purpose of this study is to document the development of a model to analyze diamond interchange operations with consideration of ramp metering queues. Figure 1 , showing a diamond interchange configuration with one-way frontage roads, illustrates how queue spillback from a ramp meter might affect interchange operations. The same situation applies to other ramp metering locations in which the metered ramp may be directly linked to an upstream traffic signal (4) . When the ramp queue spills back into the left-side signalized intersection of the diamond interchange, as shown in Figure 1 , blockage of the interchange may occur, and vehicles with destinations other than the freeway (e.g., frontage road and arterial street traffic) may be blocked. These vehicles would have otherwise departed from the diamond interchange if the blockage had not occurred. The direct impact of queue spillback is reduced capacity and increased delay for the diamond interchange traffic. A diamond interchange of sufficient capacity itself may actually reach oversaturation due to queue spillback.
In practice, queue spillback is often controlled by flushing the ramp queues once they are detected, and the normal ramp metering operation is usually suspended. However, queue flushing significantly diminishes the major objectives of ramp metering. Research is under way at the Texas Transportation Institute (TTI) to address the operational strategies for an integrated diamond interchange and ramp metering system (IDIRMS). One of the major objectives of this research is to minimize or prevent ramp meters from queue flushing through integration of the diamond interchange signals and the ramp metering signals. To better understand system performance, an analytical model is desired that adequately models the IDIRMS, including queue spillback effects. Because of length limitations, this discussion is limited to the modeling process and the effect of queue spillback from a ramp meter on diamond interchange operations. The study focuses on diamond interchanges with one-way frontage roads and U-turn lanes, typically seen in Texas and some other states. Specific objectives include (a) development of modeling methodologies for diamond interchange operations that take into consideration ramp metering and queue spillback and (b) validation of the model based on microscopic simulation.
A significant amount of research has been conducted in the area of diamond interchange operations. PASSER III (2) is a computer software package specifically designed to analyze the operations of an isolated diamond interchange. However, the effect of queue spillback, either from a downstream signal on the arterial or from a downstream ramp meter, is beyond the scope of PASSER III.
Several studies have been conducted regarding optimization and analysis of diamond interchange operations during oversaturated conditions. Particular emphasis was placed on queue spillback effects within the interchange and from a downstream traffic signal on the arterial (5, 6 ). However, no studies have specifically addressed the effects of a potential ramp metering queue on diamond interchange operations.
A study by Head and Mirchandani (7 ) specifically looked at how diamond interchanges could be managed when coordination between ramp metering and diamond interchange operations is desired. Their study aimed at developing a real-time adaptive control system that would achieve coordination between ramp metering and a diamond interchange, which relied on adequate detection and prediction algorithms.
A review of existing literature indicates that the study of diamond interchange operations that take ramp metering queue spillback into consideration is limited. A better understanding of the impact of ramp metering queues on diamond interchange operations would facilitate studies on operational strategies for an IDIRMS.
First, the modeling methodologies related to the IDIRMS and diamond interchange operations are documented. The computer model that implements the methodologies is then presented. The results of model validation based on microscopic traffic simulation are given next, including analyses of traffic operational characteristics under queue spillback conditions. Finally, a summary and conclusions are provided.
NOTATION
A 1 , A 2 , A 3 = total area (also total delay, in vehicle seconds) during specific portions of cycle (see would arrive at ramp r at time step t (vph), V W,r (t) = unimpeded demand flow at time step t for ramp r (vph), V M,r (t) = maximum portion of discharging flow from diamond interchange signal that would arrive at ramp r at time step t (vph), V B,r (t) = portion of discharging flow that would result in queue spillback for ramp r at time step t (vph), W t = ramp arrival flow rate during time period t t−1 and t t of a particular cycle (vph), x m = v/c ratio for movement m, and x 10_11 = v/c ratio for external movement on arterial related to M10 and M11.
MODELING METHODOLOGIES

IDIRMS Numbering Scheme
A numbering scheme for an IDIRMS is proposed as shown in Figure 3. The top diagram shows the numbered origins (O i ) and destinations (D j ), turning movements at the diamond interchange, and freeway mainline and on-ramp flows. The bottom diagram is the standard phase numbering scheme used in Texas for diamond interchange design and also used in PASSER III. The modeling of diamond interchange operations in this study focuses on the two commonly used diamond phasing schemes-basic three-phase and TTI four-phase (8)-referred to simply as three-phase and four-phase later in the paper. The traffic flows within the system are composed of OD flows at six origins and six destinations. A total of 36 possible OD flows define every traffic movement necessary for conducting the system analysis. A total of 14 diamond interchange traffic movements and 2 on-ramp movements, the essential elements for analyzing diamond interchange and ramp metering operations, can be directly derived from the OD flows. Equations 1 to 3 are examples relating traffic movements to OD flows:
The critical element on the traffic demand side is the estimation of the OD flows, which can be obtained either from an actual OD survey or by estimation based on link and turning movement counts at specific locations. OD estimation is a subject that has attracted significant research interest and effort (9) (10) (11) (12) . Interested readers may refer to these studies for further details on OD estimation, which are not addressed here.
Delays and Queues
Modeling of diamond interchange operations is carried out over multiple cycles, with consideration of stochastic traffic demands between cycles; however, the traffic demand within a particular cycle is assumed uniform. Calculations of delays and queues for the external and internal movements are carried out differently. The final delays and queues are average results over the entire analysis period consisting of multiple cycles.
External Movements
Calculations of delays and queues for the external movements are based on the standard arrival-departure queue polygon method as illustrated in Figure 2 
The average delay for movement m during cycle j is The queue length is represented by the vertical distance in the queue polygon in Figure 2 . The maximum number of vehicles in the queue usually occurs at the start of the green interval.
Internal Movements
Because of the unique traffic arrival patterns for internal movements, which are related to the offset between the two signals, delays and queues for the internal movements are calculated differently from 13 those for external movements. The method used in this study is similar to the delay-offset methodology (13, 14) used in PASSER III. The delay-offset method basically calculates delays and queues on a second-by-second basis from the arrival and departure flow profiles. Because of the unique traffic patterns and offset between the two signals, the arrival flow can no longer be modeled as uniform. Another consideration is the impact of queue spillback from ramp meters, which would affect the departure flow for the internal left-turn movements feeding the ramps. Again, modeling of the impact of queue spillback to the internal left-turn movements is addressed later.
Ramp and Its Flow Profiles
Modeling of ramp metering is also based on the arrival and departure flow methodology and is carried out on a second-by-second basis. The ramp arrival flow has a unique profile, which is related to the diamond phasing and timing. For simplicity in demonstrating the modeling process, this study assumed a fixed ramp metering rate; therefore, the departure flow was uniform. Accurate modeling of ramp operations relies on accurate modeling of the ramp arrival profiles. This section provides detailed descriptions of modeling the arrival flow profiles at the ramp meters.
With the existence of an upstream diamond interchange signal, vehicles arrive at the downstream ramp meters with unique flow structures. Figures 4 and 5 show the arrival flow profiles at Ramp 1 (R1) with three-phase and four-phase schemes, respectively. The profiles shown assume that the arterial right-turn movement (M6) and the U-turn movement (M14) are uncontrolled and arrive at the ramp uniformly. No platoon dispersion is assumed.
The flow rate (W i ) is the actual traffic flow rate arriving at R1, which is obtained by subtracting traffic going to the frontage road from the total departure flows from the diamond signal. Using threephase ( Figure 4 ) as an example, during the left frontage road phase (φ4), the first portion is when the frontage road movement (M2) discharges at its saturation flow rate (S 2 ). After the queue discharges, the flow rate reduces to its average demand. After the green interval of φ4 and during φ2, the only components of the ramp arrival flow are those from the arterial right turns (M6) and U-turns (M14).
For the four-phase, the profile needs to take into consideration the phases from the other side of the interchange (φ6 and φ8). The dashed line during the period between t 1 and t 2 is a more accurate representation of the actual arrival flow; however, for modeling purposes, the flow profile in this study is simplified by using the average flow rate during the unsaturated green portion and the clearance interval. When the arterial right-turn movement is not controlled by a signal, as in the case of a channelized right-turn movement, both three-phase and four-phase can be represented by five different flow regions in a profile (see Figures 4 and 5) . When the right-turn movement is controlled by a signal, more than five flow regions are necessary to represent the flow profiles.
Calculations of some of the parameters shown in Figures 4 and 5 follow.
Equations 12 through 14 show the calculations of queue discharge times, g q,φ−m :
The individual flows, W i , in the flow profiles should satisfy Equation 15 , which represents balanced inflows and outflows at the ramp: 
Modeling Ramp Queue Spillback
When there is sufficient room between the ramp meter and the diamond signal to store the vehicle queues, the diamond interchange signal can discharge the vehicles according to the traffic flow profiles shown in Figures 4 and 5 without incurring any impedance. However, when the storage space is filled with queued vehicles because of either limited spacing or simply oversaturation, the ramp queues would impede traffic flows discharged from the diamond signals, resulting in reduced capacity and increased delay for the affected traffic movements. Previous studies on modeling queue spillback at signalized intersections are generally based on either of two approaches. One approach is to reduce the saturation flow rate (15, 16 ) (15 ) proposed a simple factor to adjust saturation flow rate based on the queue length of the downstream link. The other approach is to reduce the effective green time (17 ), considering the queue block effect as equivalent to the loss of green time. Both approaches would reach similar conclusions.
Since the ramp operations and ramp queues are modeled on a second-by-second basis, it is possible to model the impact of spillback on diamond interchange operations in detail. In the following discussion, the modeling methodology, which uses the approach of adjusting discharge flows, is described.
The basic principle used to model vehicle discharge from the diamond signal with potential queue spillback is based on the fact that the vehicle discharge rate, Q r (t), is governed by the minimum of three flows as shown in Equation 16 . All these flows are expressed as traffic that would arrive at the ramp meter. The actual discharging flows (to both the ramp and the frontage road) from the diamond signal can be obtained from the flows in Equation 16 based on the proportion of each movement that goes to the ramp meter:
In Equation 16 , V W,r (t) is the unimpeded demand flow when there is no queue spillback to the diamond signal, so that vehicles can discharge freely from the signal according to traffic flow profiles described in Figures 4 and 5 . V M,r (t) is the maximum possible flow rate that can be discharged from the diamond signal that would arrive at the ramp meter. V M,r (t) is the portion of flow that arrives at the ramp meter when the diamond signal is discharging at saturation flow rates during a particular phase. V M,r (t) varies depending on the diamond phasing scheme, and its value is determined as shown in Table 1 .
Using Ramp 1 as an example, when three-phase is used, the phasing sequence at the left-side signal is φ4, φ2, and φ1. W 1−1 is the flow rate at the ramp meter equivalent to that when M2 discharges at its
saturation flow rate. This flow can last up to t 1−2 , the end of the green of φ4, as long as there is sufficient demand for M2. Similarly, W 1−4 is the ramp arrival flow rate equivalent to that when M1 discharges at its saturation flow rate. W 1−4 can last up to the point at t 1−5 , the end of the green of φ1, as long as there is sufficient demand. V B,r (t) is the flow that would result in queue spillback at ramp r to block the diamond signal, which can be determined from Although Q R,r is generally an integer number, q R,r needs to carry a significant number of digits to ensure enough accuracy because the analysis is on a 1-s basis. With V R,r (t) determined from Equation 16 and the ramp demand flow profile, as is shown in Figure 4 or 5, any vehicles that cannot be discharged freely are considered as part of the residual queue for the current cycle, as denoted by NR j m in Figure 2 . The following discussion describes the methodology developed in this study to estimate NR j m using Ramp 1 and three-phase timing as an example.
During the current cycle j, the traffic demand feeding Ramp 1 from the four feeding movements (M2, M6, M10, M14) is as follows:
The phasing sequence at the diamond signal is φ4, φ2, φ1. Figure 4 and Figure 5 for t 3-t and W 3-t values for Ramp 3.
The residual queue for M14, NR j 14 , is determined by
The methodology described for estimating residual queues due to ramp spillback has an underlying assumption: once the ramp queue blocks the diamond signal, the entire feeding movement will be blocked, including traffic heading for the frontage road. However, spillback has no impact on traffic movements that do not feed the on-ramps, such as the right-turn (e.g., M3) and the leftturn (e.g., M1) movements on the frontage road, and the arterial through movements (e.g., M4, M5). In reality, excessively long queues on the external approaches of the diamond interchange could cause blockage to the turn bays, such as the left-turn (M1) and rightturn (M3) bays on the frontage road approach. Modeling lane blockages involves complicated mathematics (18) , which is still one of the shortcomings for most analytical models.
Although three-phase and four-phase operations may not result in significant differences in ramp delays and queues during undersaturated conditions, the two phasing schemes do present different impacts on diamond interchange operations under queue spillback conditions. The two phasing schemes result in the service of feeding traffic movements in different sequences, as illustrated in Figure 6 for Ramp 1. As can be seen, the frontage road movement (M2) is served following the arterial left-turn movement (M10) with three-phase, and M2 is served before M10 with four-phase. Because M2 and M10 are the major ramp feeding movements that are controlled by the traffic signal, M2 is more likely to face queue spillback with three-phase than with four-phase. This operational feature is further verified later when model validation is discussed.
COMPUTER MODEL DEVELOPMENT
A computer model named DRIVE (diamond interchange-ramp metering integration via evaluation) was developed that features the modeling methodologies documented here regarding ramp metering queue spillback. DRIVE also has other modeling features such as traffic-responsive ramp metering operations and freeway operations, which are aimed at performing broader system analysis and evaluation of operational strategies for IDIRMS. Figure 7 is the flowchart for DRIVE showing the entire modeling process. DRIVE is designed to perform simulation and analysis for an IDIRMS, including a diamond interchange, freeway on-ramps with ramp metering, and freeway mainline operations. DRIVE, which was used in this study mainly to analyze the effect of ramp queue spillback on diamond interchange operations, is classified as a mesoscopic simulation and analysis model. It models the traffic in the system at the macroscopic level, but the stochastic nature of traffic demand is taken into consideration. Mesoscopic models have the advantage of much faster computing speed than that of macroscopic 
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MODEL VALIDATION
Validation of the DRIVE model was conducted using VISSIM (19), a microscopic traffic simulation model. Traffic demand and geometric data from a real interchange location were used to code the VISSIM model. Validation of DRIVE was primarily based on comparison of the delays between DRIVE and VISSIM for traffic movements at the diamond interchange. Although field data are always preferred for any model validation, collection of enough field data to make valid comparisons normally involves significant challenges. For this particular study, the necessary data for validating spillback conditions were not available simply because ramp metering operations in Texas adopt a queue flush policy, in which queue spillback into the surface street or upstream diamond interchange signal is prohibited. The VISSIM simulation was the only feasible alternative for model validation in this study. Simulation has the obvious advantage of being flexible so as to provide different network configurations and traffic flow scenarios, such as changed ramp length, location, and detector settings. The well-known VISSIM model used in this study was operationally calibrated to the legacy PASSER III model for diamond interchange operations. VISSIM's driver characteristics represent average U.S. conditions. Because all the modeling results were based on relative comparisons, the findings are still considered valid in terms of system characteristics. Of course, DRIVE would also need calibration to match field conditions when actual traffic studies are conducted. 
Site Description
Traffic volumes and network geometric data were collected at the Mayfield Road-SH 360 interchange located in Arlington, Texas, along the SH 360 corridor. A ramp metering system consisting of five diamond interchanges was in operation for the northbound direction during the a.m. peak period, between 6:00 a.m. and 9:00 a.m. The Mayfield Road-SH 360 diamond interchange signal was operating with three-phase but was not in coordination with other signals in the Mayfield Road arterial. Ramp metering was operating at a fixed rate of 900 vph, the maximum metering rate for a typical single-lane ramp meter. Excessive-queue detectors were installed to trigger ramp meter queue flush, a policy adopted in Texas as well as in many other states (20) for ramp metering operations. Therefore, ramp queues never spilled back to the diamond interchange in the field. The average ramp demand was 860 vph during the peak hour. Because of traffic demand fluctuation and its stochastic nature, ramp traffic demands exceeded the 900-vph metering capacity during certain cycles of the peak period, and queue flushes were occasionally observed in the field. The diamond interchange itself has sufficient capacity to handle the traffic demands at the interchange.
Model Calibration and Validation Results
A VISSIM model was established based on the network configuration and traffic flows at the Mayfield Road-SH 360 interchange, with the following exceptions:
• All the vehicles were coded as passenger cars;
• Fixed signal timing was used for the diamond interchange with the same green splits from PASSER III; and • Ramp metering was coded for both directions for the purpose of obtaining an additional data point for ramp performance.
Coding of the ramp metering algorithm in VISSIM was done using VISSIM's vehicle-activated programming function (21) . The metering rate was set at a fixed rate of 900 vph, currently being used in the field. The ramp metering signal remained red unless there was a call at the demand detector at the ramp meter, which is consistent with current traffic-responsive (vehicle-activated) operations in Texas. Average delay was selected as the primary measure of effectiveness (MOE) for comparisons between DRIVE and VISSIM. Because of the vehicle-activated ramp metering operation, all vehicles on the ramp would experience some minimal delay. VISSIM captures such delays, but DRIVE does not automatically capture such delays with the simple arrival-departure queue polygon method. To be consistent with the two models, an 8-s minimal delay based on VISSIM was added to the base ramp delays in DRIVE. Queue length would have been another candidate MOE; however, queue length is measured differently in each model. VISSIM reports backup queues in distance measured from a specified location, whereas DRIVE reports the number of vehicles in queue.
Considered part of the model calibration process, the existing undersaturated conditions (i.e., no ramp queue spillback) were analyzed using PASSER III, VISSIM, and DRIVE. Efforts were made to calibrate both VISSIM and DRIVE to match PASSER III results for diamond interchange movements. Figure 8 shows the average delay results from the three models with the two diamond phasing schemes: three-phase and four-phase. The ramp meters were set without queue flush. Only those movements being affected by the ramp meters are listed. Delays for M4_5 and M10_11 occurred on the external arterial approaches associated with M4, M5, M10, and M11. The results for both VISSIM and DRIVE were based on the average of 10 simulation runs, with a total simulation time of 100 cycles (10,000 s in this case for a cycle length of 100 s) in each run. The standard deviations from VISSIM and DRIVE runs are also shown in Figure 8 .
Conducting multiple runs is necessary with any simulation model in order to provide reliable estimates and conduct statistical comparisons (22) . Generally, higher variations require more simulation runs in order to achieve the desired precision in the estimates. Modeling oversaturated traffic facilities has always been a challenge because of the high variability. Considering both statistical objectives and computing time, 100-cycle simulation with 10 replications was considered adequate.
A general observation of the results shown in Figure 8 is that both DRIVE and VISSIM produced delay estimates that match well with those of PASSER III. The delay difference is generally less than 10 s for all movements. However, the majority of movements yielded 1 s) , the t-test statistic t 0 was 2.661, which is larger than the t critical value of 1.833 at the 95% confidence level. Even though the delays showed a statistically significant difference, such a small delay difference would probably be considered acceptable in practice. However, no statistically significant difference was found in the delays for R1 between DRIVE and VISSIM (the t statistic is 1.55 compared with t critical of 1.73). Figure 9 illustrates the cases in which traffic demand at the diamond interchange and at the freeway ramps was increased by 10%, resulting in an oversaturated condition for R1 (demand of 940 vph), where queue spillback to the diamond interchange signal occurred. PASSER III is no longer applicable to these oversaturated cases. Although statistical tests still yielded significantly different results for most of the movements, both VISSIM and DRIVE revealed similar trends in the effects of queue spillback. First, delays were significantly increased for the traffic movements feeding R1 (M2, M10, M10_11). However, the delay increase on M2 was more profound with three-phase than with four-phase, which confirms an earlier observation that four-phase operation favors M2 under queue spillback conditions. Blocking to the frontage road is more severe with three-phase operation than with four-phase operation, as indicated by the high delays for M1 and M2. The opposite is true for the arterial left-turn movement (M10), where significantly higher delays can be seen with four-phase operation. The delays for R1 and M10 were capped at certain levels because of their limited queue storage space. Once this queue storage space was filled, the delays were accumulated on the external approaches of the diamond interchange (M2, M10_11 in this case).
Ramp 2 remained undersaturated; therefore, traffic movements feeding Ramp 2 were not affected. It can also be observed that VISSIM reported significantly higher delays for M1 (the frontage left-turn movement) with three-phase because of the assumption in DRIVE that M1 is not affected by ramp queues. In VISSIM, however, the excessive queues for M2 eventually blocked all the vehicles on that approach, resulting in increased delays for all the movements affected. It can also be seen that significant variations in the delays exist for both VISSIM and DRIVE once queue spillback occurs, which is the nature of traffic flow during oversaturation. 
SUMMARY AND CONCLUSIONS
The development of computer model DRIVE and the modeling methodologies for diamond interchange operations with consideration of queue spillback from ramp metering are documented. DRIVE is a mesoscopic simulation and analytical model for performing analysis of an integrated diamond interchange-ramp metering system (IDIRMS). Features related to modeling the diamond interchange operations are described. Because of the unavailability of field data for oversaturated ramp conditions with queue spillback, validation of the model was conducted against the VISSIM microscopic simulation model. The study focused on the two most common diamond phasing schemes, basic three-phase and TTI four-phase. The study reached the following conclusions:
• Both DRIVE and VISSIM produced delay results at the diamond interchange that matched well with those of PASSER III for undersaturated conditions. The delay differences were generally within 5 s for the diamond turning movements.
• For oversaturated ramp conditions with queue spillback, the traffic movements feeding the ramp meter experienced reduced capacities and increased delays. Such capacity reductions and delay increases were due to the reduction of discharging flows resulting from queue spillback and intersection blockage.
• Both DRIVE and VISSIM revealed an operational feature for oversaturated queue spillback conditions: TTI four-phase favors the frontage road traffic, and basic three-phase favors the arterial left-turn movement. That is, the queues for these two major signalcontrolled ramp feeding movements would grow disproportionately with the two types of phasing schemes without the addition of special signal control features.
• Besides modeling diamond interchange operations, DRIVE includes advanced routines for modeling freeway operations and traffic-responsive ramp metering. Such modeling features and results will be documented in subsequent work.
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